Detection of the neutrinoless ββ (0νββ) decay is of high priority in the particle-and neutrinophysics communities. The detectability of this decay mode is strongly influenced by the value of the weak axial-vector coupling constant gA. The recent nuclear-model analyses of β and ββ decays suggest that the value of gA could be dramatically quenched, reaching ratios of g free A /gA ≈ 4, where g free A = 1.27 is the free, neutron-decay, value of gA. The effects of this quenching appear devastating for the sensitivity of the present and future 0νββ experiments since the 4th power of this ratio scales the 0νββ half-lives. This, in turn, could lead to some two orders of magnitude less sensitivity for the 0νββ experiments. In the present article it is shown that by using a consistent approach to both the two-neutrino ββ and 0νββ decays by the proton-neutron quasiparticle random-phase approximation (pnQRPA), the feared two-orders-of-magnitude reduction in the sensitivity of the 0νββ experiments actually shrinks to a reduction by factors in the range 2 − 6. This certainly has dramatic consequences for the potential to detect the 0νββ decay.
I. INTRODUCTION
The nuclear matrix elements (NMEs) of neutrinoless ββ (0νββ) decay are becoming an increasingly hot issue in present-day neutrino and particle physics since they are the ones that relate the absolute mass scale of the neutrino (the effective neutrino mass m ν ) to the constantly increasing sensitivity of the present and future 0νββ experiments [1] [2] [3] . The formidable progress in the sensitivity of the neutrino-mass related underground experiments is witnessed in the rapidly increasing accuracy in the measured half-lives of the two-neutrino ββ (2νββ) decays for some ten nuclear systems [4, 5] . At the same time the lower limits for the half-lives of the 0νββ decay mode keep steadily increasing [3] . Important nuclei for the present and future 0νββ experiments are 76 Ge (the GERDA experiment [6] , and in the future GERDA and Majorana [7] ), 82 Se (the NEMO-3 experiment [8] , and in the future SuperNEMO [9] and MOON [10] ), 96 Zr (the NEMO-3 experiment [11] ), 100 Mo (the NEMO-3 experiment [12] , and in the future AMoRE [13] , LUMINEU [14] , CUPID [15] , MOON [10] ), 116 Cd (the NEMO-3 experiment [16] , and in the future AURORA [17] , COBRA [18] ), 130 Te (the CUORE experiment [19] , and in the future CUORE and SNO+ [20] ), and 136 Xe (the EXO [21] and KamLAND-Zen [22] experiments, and in the future NEXT [23] and PandaX-III [24] ).
As mentioned above, the exact sensitivity of the present and future 0νββ experiments to the effective neutrino mass m ν can be determined only if the involved NMEs are known accurately enough. For this reason, more and more attention is being paid to the issue of computing the values of these NMEs in a proper way [25] .
The article is organized as follows: In Sec. II the theory background of the 0νββ is briefly outlined and in Sec. III the background of the g A problem is discussed.
In Sec. IV the adopted nuclear model and its properties are introduced, as also the fitting procedure for consistent prediction of the 0νββ NMEs. In Sec. V the results for the computed half-lives are given and in Sec. VI the final conclusions are drawn.
II. THEORETICAL BACKGROUND
By assuming the neutrino-mass mechanism to be the dominant one, one can write the connection between the 0νββ half-life and the involved NMEs conveniently as
where m ν is the effective neutrino mass [1] in units of eV and F (0ν) can be coined reduced half-life:
Here m e is the electron rest mass in units of eV, G
is the leptonic phase-space factor defined in [26] , and g A is the weak axial-vector coupling constant with the free value g free A = 1.27, determined from the decay of a neutron to a proton [27] . This value is to some extent protected in nuclear medium by the PCAC (partially conserved axial-vector current) hypothesis. The 0νββ nuclear matrix element, M (0ν) , consists of the GamowTeller (GT), Fermi (F) and tensor (T) parts as
III. BACKGROUND OF THE gA PROBLEM Whereas the NME M (0ν) of (3) has been under intensive theoretical discussion for decades, the other involved quantity, g A , has remained an innocent by-stander, not provoking heated discussions in the 0νββ community. Attempts to deal with the g A -quenching problem include the shell-model calculations [28] [29] [30] in the 0p and 1s-0d shells and [31] [32] [33] in the 1p-0f shell and beyond. The review [34] gives a comprehensive account of the g A problem.
Only recently the possibly decisive role of g A in the half-life (1) and in the discovery potential of the 0νββ experiments has surfaced [35] . In [35] a comparison of the experimental and computed 2νββ half-lives of a number of nuclei yielded the striking result Although the study [35] was the first to draw considerable attention in the experimental 0νββ community, it was not the first one to point to a possible strong quenching of g A . Already the study [36] gave indications of a heavily quenched effective g A , in the range g eff A = 0.39−0.84. In [36] the Gamow-Teller β decays and 2νββ decays in the A = 100, 116, 128 ββ-decay triplets were studied by the use of the proton-neutron quasiparticle random-phase approximation (pnQRPA), and a leastsquares procedure was used to optimize the values of the experimentally over-constrained parameters g A and g pp , where g pp is the interaction strength of the particleparticle part of the proton-neutron interaction [37, 38] . Also in the ISM studies [39, 40] very low values of g A , in the range g eff A = 0.57 − 0.76, were obtained. Around the same time a similar study as in [36] was carried out in [41, 42] with results comparable with those of [36] .
Later, the more comprehensive pnQRPA studies [43] [44] [45] of Gamow-Teller β decays of a wide range of nuclei (A = 62 − 142) predicted heavily quenched values of g A . These values depend on the mass number A and they are depicted for four separate mass ranges as hatched boxes in Fig. 1 . In the same figure, with an obvious notation, also the curves (4) are given, the IBM-2 (ISM) results by a blue (red) dotted curve. Fig. 1 presents also the ISM results of [40] (red horizontal bars), the pnQRPA results of [36] (thin black vertical bars), and the pnQRPA results of [41, 42] (thick green vertical bars). The cross inside a circle presents the result g 
IV. NUCLEAR MODEL AND THE TWO-STAGE FITTING PROCEDURE
There are many models which have recently been used to compute the 0νββ NMEs: the quasiparticle randomphase approximation (QRPA), in its proton-neutron version (pnQRPA) (see [47] and references therein) and its renormalized extensions [48, 49] , the interacting shell model (ISM) [50] , the microscopic interacting boson model (IBA-2) [51] , the Gogny-based energy-density functional (EDF) [52] and the projected Hartree-FockBogoliubov mean-field scheme (PHFB) [53] . Very recently also the beyond-mean-field covariant density functional theory [54] and the corresponding non-relativistic version [55] have been used to describe the 0νββ decays of nuclei. For more details see the reviews [25, 56] .
The pnQRPA stands out favorably from the rest of the above-listed theoretical approaches by the following features:
(i) The pnQRPA is the only nuclear model which avoids the use of closure approximation for the medium-heavy and heavy nuclei in the 0νββ calculations. However, there exists a non-closure calculation in the framework of the ISM in [57] for the 0νββ decay of the light nucleus 48 Ca.
(ii) pnQRPA can accommodate large single-particle bases, including all the relevant spin-orbit-partner orbitals, in the calculations, (iii) pnQRPA may fail to predict properties of individual states but the gross features of an energy region of nuclear states can be reliably accounted for by the pnQRPA [58] .
The features (i)-(iii) of the pnQRPA make it an ideal nuclear model to combine the 2νββ and 0νββ calculations in a consistent way. Only for light nuclei the singleparticle model space is not dense enough for a reliable NME calculation, in particular if the nucleus is doubly magic, like 48 Ca, since the BCS procedure used in pn-QRPA framework is not very precise at closed major shells. This is why the 0νββ decay of 48 Ca is not included in the present analyses. The above features (i)-(iii) were highlighted in [59] where the g pp parameter of the pnQRPA was determined by reproducing the experimental 2νββ half-life for a given value of g A , in that case g A = g free A . This approach was adopted in the follow-up works of [60] [61] [62] 
At this point it is fair to state that the ISM is a more complete theory than pnQRPA in terms of the number of included many-body configurations in a given singleparticle model space. It has, at least, some approximate means to accommodate the feature (ii) in the calculations, but the feature (i) is out of reach for the heavier nuclei. The ISM has, however, the advantage that also it can produce 2νββ NMEs without resorting to the closure approximation. This means that the analyses of the present work could also be performed in the ISM framework when suitable "particle-particle interaction strength", g pp (ISM), can be identified and fitted by the 2νββ half-life data through different values of g A . In fact, this type of study would be highly welcome to see how robust the results of the present work really are.
The relation of the pnQRPA Hamiltonian and the 2νββ decay was further deepened in the work [63] where an isospin-restoration scheme for the pnQRPA was proposed. There the particle-particle parts of the pnQRPA matrices were divided into isoscalar (T = 0) and isovector (T = 1) parts, splitting the particle-particle interaction strength parameter g pp to its isovector g T =1 pp and isoscalar g T =0 pp components. The two strength parameters can be adjusted separately since they are practically independent of each other. The isovector parameter g
T =1 pp
can be adjusted such that the Fermi NME of 2νββ decay vanishes leading to the needed restoration of the isospin symmetry for the 2νββ decay. Keeping the obtained value of g
one can independently vary g T =0 pp in order to fix its value by the data on 2νββ-decay half-lives. The obtained values of the two parameters can now, in turn, be used in the calculation of the 0νββ NMEs. Hence, in this two-stage fit the maximum amount of information on 2νββ decay can be utilized to produce an optimized model Hamiltonian for the description of the 0νββ decay. This two-step fit was later used in [64] for pnQRPAbased 0νββ-decay calculations and, about the same time, in [65] the isospin-restoration scheme was adopted for the IBM-2 ββ framework.
V. RESULTS FOR THE REDUCED HALF-LIVES OF THE 0νββ-DECAY CANDIDATES
In [63, 64] the two-step fit was quite limited: the experimental 2νββ NME was extracted only for the free value g free A = 1.27 and for a moderately quenched value g A = 1.0 for the axial-vector coupling constant. This corresponds to two values of g T =0 pp which were used in the 0νββ-decay calculations. In this article the calculations of [64] are extended to include all values of g A below its free value. The adopted single-particle bases, pairing parameters, and values of the isovector parameter g T =1 pp are taken from [64] (see, e.g., Table I of [64] ) and the details are not repeated here. Now, instead of the two values of the 0νββ NMEs of [64] , one obtains a continuous sequence of 0νββ NMEs as a function of g A , as shown for five exemplary cases in Fig. 2 . A general feature of the 0νββ NMEs, visible in Fig. 2 , is that they grow in magnitude with diminishing value of g A . This stems from the structure (3) of the 0νββ NME: The Fermi and tensor NMEs are essentially independent of the value of g A , whereas the Gamow-Teller NME grows in magnitude as g A decreases and, at the same time, g T =0 pp decreases (the magnitude of the computed 2νββ NME increases when g T =0 pp decreases, necessitating a decrease in the value of g A in the fit procedure). Thus the g A dependence of the Gamow-Teller NME is not explicit but induced by the g pp dependence of the nuclear wave functions and the adopted fit prescription of the g T =0 pp
parameter. The Fermi NME adds coherently with the Gamow-Teller one since the NMEs have opposite sign. In addition, the magnitude of the com-
grows large, comparable to the magnitude of the Gamow-Teller NME, since the prefactor (g V /g A ) 2 grows rapidly with decreasing g A .
The maximum value of the 2νββ Gamow-Teller NME is attained at g T =0 pp = 0. This, in turn, means that there is a minimum value of g A for which the maximum NME can fit the 2νββ-decay half-life. This minimum value of the possible g A is an interesting by-product of the twostage fit and this lower limit of possible g A values is presented in Fig. 1 as a solid black line and in Table I in the second column. From Fig. 1 it is seen that the here obtained lower limit of g A is consistent with the thick green vertical bars of g A ranges obtained in [41, 42] and also consistent with the thin black vertical bars obtained in [36] for A = 100 and A = 128. For A = 116 the analysis of [36] produces a larger value of g A than that obtained in [41, 42] . This difference could be due to different experimental log f t values for the EC branch 116 In → 116 Cd used in the different analyses, [41, 42] using more recent data for this decay branch than [36] (see [42] for details).
There is a notable tension with the results of [36, 41, 42] and the the Gamow-Teller β-decay analysis (hatched region) in the interval A = 98 − 116. The basic difference between the Gamow-Teller analyses of [43] [44] [45] and the analyses of [36, 41, 42] is that the latter exploit the halflife data on 2νββ decays and the former not. It is more appropriate to include the 2νββ data if 0νββ properties are to be predicted since the 2νββ-decay observables are the closest to the 0νββ-decay observables. Thus, from the point of view of the present work it is preferable to compare the results with those obtained in [36, 41, 42] . As mentioned earlier, one would expect that the reduced half-life F (0ν) of (2) would grow enormously with increasing value of g A since it is proportional to (g A ) −4 . This is in the very core of the large impact caused by the work by Barea et al. in [35] . Since now all the ingredients of (2) in the two-stage fit have been produced, it is possible to plot the values of F (0ν) as functions of g A . This has been done in Fig. 3 for the exemplary cases whose NMEs were presented in Fig. 2 . Inspection of Fig. 3 confirms a rather unexpected stunning result which is the reason for this article: The reduced half-lives are not much affected by the large variation in the values of g A . The maximum and minimum values of this half-life, as also their ratios, are listed in Table I . From the table one can see that the ratio of the reduced (and also actual) half-lives ranges from 2.0 (the decay of 100 Mo) to 5.7 (the decay of 136 Xe). This is extremely good news for the present and future 0νββ-decay experiments since even the smallest values of g A , obtained in some nuclear models, do not ruin the sensitivity of the experiments.
VI. CONCLUSIONS
In conclusion, in this article it is shown by using a two-stage fit procedure to two-neutrino ββ-decay data in the pnQRPA nuclear-theory framework that even the very strongly quenched values of the axial-vector coupling constant, obtained in many theoretical analyses, decrease the sensitivity of the present and future neutrinoless ββ-decay experiments only by reduction factors R 1 = 2 − 6, depending on the decaying nucleus. This is in strong contrast with the possible huge values of the usually assumed simple-minded reduction factor R 2 = (g free A /g eff A )
4 , containing the ratio of the free and effective values of the axial-vector coupling constant: values of R 2 ≈ 300 are reachable in the worst scenarios proposed. This means that the knowledge of the effective value of the axialvector coupling constant is not crucial for the neutrinoless ββ-decay experiments from the point of view of experimental sensitivity.
The reason behind the moderate reduction in the experimental sensitivity is the strong dependence of the ββ-decay NME on the value of the axial-vector coupling constant through the two-step fit procedure exploiting the two-neutrino ββ-decay data. This mechanism is behind the important new finding that is communicated here, offering much better perspectives for detecting the neutrinoless ββ decay. Thus, the presently obtained results are extremely important for the community of ββ experiments, as also for nuclear, neutrino, and particle physics in general.
